Introduction {#S0001}
============

Cerebrovascular disease ranks as the third leading cause of death in humans worldwide and is the leading cause of death among Chinese nationals.[@CIT0001] The prevalence, morbidity and mortality of stroke increase year to year and thus a huge social and economic burden. The incidence of cerebral ischemic stroke is significantly higher than that of hemorrhagic stroke. Ischemic stroke accounts for 75% of all stroke cases.[@CIT0002] The pathological type and pathogenesis of ischemic stroke are complicated and are often accompanied by cell apoptosis, the release of various inflammatory mediators, the infiltration and accumulation of inflammatory cells, the destruction of the blood-brain barrier, the secretion of inflammatory factors and the upregulation of adhesion molecules.[@CIT0003] Studies have shown that apoptosis after cerebral ischemia is one of the causes of secondary brain injury, indicating that apoptosis plays an important role in cerebral ischemia and cerebral ischemia-reperfusion injury (CIRI).[@CIT0004] Although the time window for endovascular mechanical thrombectomy has been extended, hemorrhagic transformation after thrombolytic or intravascular mechanical thrombectomy and rehabilitation after stroke are still the biggest challenges that plague neurologists. However, due to the complexity of the pathophysiological process of ischemic stroke, no thorough and effective treatment has been identified. Therefore, the molecular mechanism related to CIRI has been explored. Early intervention after cerebral ischemia has important clinical application value.[@CIT0005]

Extracellular vesicles (EVs) are membranous vesicles with a diameter of 30 \~ 150 nm that can be secreted by cells and mediate the transmission of information between cells.[@CIT0006] Due to their circulatory stability and lower immunogenicity than that of stem cells, EVs have great potential in the field of biotherapy. EVs secreted by mesenchymal stromal cells (MSCs) to the outside are called MSCs-EVs and have shown beneficial effects in studies of myocardial infarction,[@CIT0007] liver fibrosis,[@CIT0008] wound healing,[@CIT0009] Alzheimer's disease[@CIT0010] and spinal cord injury.[@CIT0011] Studies have also shown that MSCs-EVs have neuroprotective effects in cerebral ischemia-reperfusion rats.[@CIT0012]

Adenosine 5ʹ-monophosphate (AMP)-activated protein kinase (AMPK), an important serine/threonine protein kinase, has frequently been referred to as the "metabolic master switch".[@CIT0013] When the cell energy supply is reduced, AMPK can be activated to enhance energy production.[@CIT0014] The activation of AMPK can maintain cellular metabolic homeostasis by reducing energy expenditure and increasing energy utilization, thereby promoting poststroke repair.[@CIT0015] The activation of AMPK exerts a neuro-protective effect by reducing oxidative stress and inflammation after MCAO in rats.[@CIT0016]

Apoptosis is the main causative factor in the pathogenesis of ischemic stroke, which involves several important signaling pathways. The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway family is an important pathway through which most cytokines exert their biological functions, is normally expressed in the brain and plays a vital role in neuronal apoptosis.[@CIT0017],[@CIT0018] Among the JAK/STAT family, the JAK2/STAT3 pathway is the most conserved pathway and is most closely related to the pathophysiology of oxidative stress in the central nervous system.[@CIT0019],[@CIT0020] The JAK2/STAT3 signaling pathway has been found to have an important effect on the prognosis of neurological function in traumatic brain injury[@CIT0021] and cerebral ischemia.[@CIT0022] The activation of the JAK2 protein triggers the phosphorylation of STAT3. In addition, nuclear factor-kappa B (NF-κB), as a prototypical proinflammatory signaling molecule, is a critical transcription factor for inflammatory mediator induction and reduces the infiltration of inflammatory cells and apoptosis by targeting this pathway.[@CIT0023],[@CIT0024] However, in a model of ischemia-reperfusion, the mechanism by which MSCs-EVs play a neuroprotective role through the AMPK and JAK2/STAT3/NF-κB signaling pathways has not been fully elucidated. Therefore, this study aims to investigate the mechanism by which MSCs-EVs reduce brain injury induced by CIRI in rats by regulating the AMPK and the JAK2/STAT3/NF-κB pathway in a middle cerebral artery occlusion (MCAO) model in an attempt to provide a better option for the treatment of cerebral infarction in the future.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Details of the materials used in this study are shown in [[Supplementary Table S1](https://www.dovepress.com/get_supplementary_file.php?f=248892.docx)]{.ul}.

Animals and Ethics Statement {#S0002-S2002}
----------------------------

All animal experimental procedures were performed according to the guidelines of the Chinese Care and Use legislation and were approved by the Animal Ethics Committee of Medical Department, Shandong University.

Adult male Sprague-Dawley (SD) rats of SPF grade aged 7--8 weeks and weighing 280--320 g were purchased from the Jinan Pengyue Experimental Animal Breeding Co., Ltd. (license number: SCXK (LU) 2019--0003). The animals were housed in standard rat cages at a constant temperature (24±1 °C) with a humidity of 45%-55% under a 12-h dark/light cycle 12 h, and all rats had free access to food and water. The experiment was started after 7 days of adaptive feeding.

Rat Middle Cerebral Artery Occlusion (MCAO) {#S0002-S2003}
-------------------------------------------

MCAO was used to establish a cerebral ischemia-reperfusion model in rats based on the modified Longa method as previously described.[@CIT0025] In brief, rats were fasted for 6 h before the operation to reduce the complications of reflux and aspiration. Then, the animals were anesthetized with isoflurane. The neck skin and fascia were cut open, and the submandibular gland and sternocleidomastoid and scapular scapulohumeral muscles were exposed in turn and then pulled with hooks for fixation. The right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were separated, and then the ICA and CCA were clamped with micro-artery clips. Then, the ECA was ligated at the proximal end with a 5--0 polyester suture and cut 3.0 mm from the bifurcation of the CCA. Next, the ICA was fully dissociated, and microsurgical scissors were used to cut a small hole in the arterial wall 3 mm from the arterial bifurcation at the proximal end of the ECA. A prepared thread embolus (Guangzhou Jialing Biotechnology Co., Ltd.; product model: L3800) was inserted into the ECA and made parallel with the ICA, and the clip on the ICA was removed. After the micro-resistance was achieved, advancement of the embolus was stopped. Then, the ECA was tightened with a 5--0 polyester suture. The rats were anesthetized again after 2 h of ischemia, and then reperfusion was initiated by removing the thread embolus to the ECA trunk. The Sham group animals subsequently underwent sham surgical procedures without occlusion. Brain tissue samples were obtained 24 h or 48 h after reperfusion for assays. All animal models were established by the same researcher to reduce infarct variability. After the operation, each rat was house singly in a cage and provided free access to food and water.

Experimental Design and Animal Groups {#S0002-S2004}
-------------------------------------

The rats were randomly divided into eight groups: (1) the Sham 24 h + vehicle group, (2) the MCAO 24 h + vehicle group, (3) the MCAO 24 h + MSCs-EVs group, (4) the inhibitor (compound C, CC)-treated (MCAO 24 h + MSCs-EVs + CC) group, (5) the Sham 48 h + vehicle group, (6) the MCAO 48 h + vehicle group, (7) the MCAO 48 h + MSCs-EVs group and (8) the inhibitor-treated (MCAO 48 h + MSCs-EVs + CC) group. Each rat in the MSCs-EVs group was injected with 100 µg of MSCs-EVs suspended in 0.5 mL PBS through the caudal vein within 10 min after successful occlusion of the right MCA. The rats in the CC group were slowly stereotaxically injected with CC into the right ventricle 30 min before surgery to block the function of AMPK. The Sham groups were injected with the same volume of PBS as a control. The experiments were repeated at least three times.

Intracerebroventricular Injection {#S0002-S2005}
---------------------------------

To further clarify the role of the AMPK pathway following MCAO, the rats in the AMPK + CC group were pretreated with CC (an effective inhibitor of AMPK). Dimethyl sulfoxide (DMSO) was used the solvent for CC, and prior to surgery, CC was dissolved at a concentration of 0.1 μM. Thirty minutes before MCAO surgery, CC (0.1 μM, 10 μL) was intracerebroventricularly injected to block the function of AMPK as described previously.[@CIT0026] Briefly, the animals were anesthetized with isoflurane and fixed on a stereotaxic apparatus. After the skull was exposed, 10 μL of the CC solution was drawn with a 25 μL Hamilton syringe, the syringe was fixed on the positioner, and the needle tip of the syringe was aligned with the front palate. The injection coordinates were determined based on ventricular anatomy: from bregma, 0.5 mm posterior along the midline, 1.5 mm to the right, and 4.0 mm deep. The solution was injected slowly and stably at a rate of approximately 0.5 μL/min. The needle was left in place for 10 min to prevent reflux after injection. The needle was slowly withdrawn, bone wax was used to close the hole, and the tissue was sutured layer by layer. The sham groups were injected with the same volume of sterile PBS as a control.

Neurological Deficit Scores {#S0002-S2006}
---------------------------

Before the animals were sacrificed, behavior was scored in a single-blinded manner using the modified Longa method; behavior was rated on a scale of 0--4:[@CIT0025] 0 points: no neurological deficit; 1 point: unable to extend the contralateral forelimb and fails to go straight; 2 points: contralateral forelimb flexion and walks in a circle; 3 points: leans slightly to the contralateral side and walks in a circle toward the contralateral side; 4 points: walks in a circle toward the contralateral side. Animals with scores of 1, 2, or 3 points were selected for the experiment.

Brain Tissue Water Content Determination {#S0002-S2007}
----------------------------------------

Brain tissue was divided into two parts (the ipsilateral and contralateral cerebral hemispheres) after the animals were euthanized at the corresponding time points. The brain tissues were quickly weighed on an analytical balance with an accuracy of 0.01 mg (wet weight). Next, the hemispheres were dried in an oven at 105 °C for 24 h to obtain the dry weight content.[@CIT0027] The formula for brain water content was:

Brain water content (%) = \[(wet weight-dry weight)/wet weight\] ×100%.

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining and Infarct Volume Measurement {#S0002-S2008}
---------------------------------------------------------------------------------

The rats were sacrificed at the corresponding time points after cerebral ischemia-reperfusion with chloral hydrate. Whole brains were frozen at −20 °C for 20 min, and the brains were cut from the frontal pole with a blade. Each slice was approximately 2 mm thick. Sets of six serial slices from each brain were immersed in 2.0% TTC solution and incubated in a 37 °C incubator for 30 min in the dark. Brain tissues stained red were normal, while unstained white areas were regarded as infarcted regions. After fixation in 4% formalin for 24 h, the hemisphere infarct volume was measured by ImageJ software. The hemisphere lesion volume was calculated according to the following formula:[@CIT0028]

Infarct volume = {\[the intact contralateral hemisphere volume-(the intact ipsilateral hemisphere volume-the infarct volume)\]/the intact contralateral hemisphere volume} × 100%.

Preparation of Paraffin Sections and Hematoxylin and Eosin (HE) Staining {#S0002-S2009}
------------------------------------------------------------------------

At the corresponding time point, the chest of each rat was cut open to expose the chest cavity after deep anesthesia. The right atrial appendage was incised, PBS solution was perfused through the left ventricle until the effluent flowed out, and the entire brain tissue was completely removed after fixation with neutral formaldehyde. Then, paraffin sections were prepared. The sections were baked at 60 °C for 1 h and then dewaxed with xylene and gradient ethanol. Morphological changes in the brain tissue were observed under a microscope after staining with hematoxylin and differentiation with 10% hydrochloric acid.

Nissl Staining {#S0002-S2010}
--------------

Paraffin sections of brain tissues were baked at 55 °C for 30 min and then dewaxed with xylene and immersed in gradient ethanol. The slices were placed in Nissl staining solution and then immersed in differentiation solution in a 58 °C water bath for 40 min for differentiation. The sections were cleared with xylene after dehydration with ethanol (100%) and observed and photographed under a microscope.

TdT-Mediated dUTP Nick-End Labeling (TUNEL) {#S0002-S2011}
-------------------------------------------

TUNEL staining was performed to detect the apoptosis rate as previously described.[@CIT0029] Briefly, paraffin sections were dewaxed in xylene for 10 min, treated with 3% H~2~O~2~ and incubated with sodium citrate (0.1 M). The sections were stained with DAB after treatment with the TUNEL reaction mixture. Five fields of view were randomly selected, observed and photographed under a fluorescence microscope. ImageJ software was used to analyze the ratio of positive cells. The neuronal death index was calculated as TUNEL-positive cells/total cells × 100%. The average apoptotic index in five fields was used as the neuronal apoptosis index of each rat.

Mesenchymal Stem Cell Culture and Reagents {#S0002-S2012}
------------------------------------------

MSCs were obtained from male SPF grade SD rats weighing approximately 80 g using previously described methods.[@CIT0030] Briefly, after sacrifice, the bilateral femurs and tibias were separated and disconnected at the ends. Then, the bone marrow in the medullary cavity was washed out with PBS. Next, the bone marrow suspension was filtered through a 70-μm cell strainer and centrifuged. The pellet was resuspended in DMEM containing 10% fetal bovine serum and 1% penicillin-streptomycin and then inoculated in a cell culture flask. After 72 h, the medium was exchanged to remove the unattached cells. When the cells were grown to a confluency of 80--90%, they were trypsinized and subcultured at a ratio of 1:3. Third-generation MSCs were used for the next experimental study. All of the above operations were performed under sterile conditions on a clean bench.

MSCs-EV Isolation {#S0002-S2013}
-----------------

MSCs at 80% confluency (after passage three) were washed with PBS three times. Then, the culture medium was replaced with EV-free medium, which was generated by centrifugation at 120,000 × g for 2 h. After the culturing for 48 h, MSCs-EVs were extracted from the medium. EV isolation was performed as previously described.[@CIT0031] Briefly, the supernatant from MSC cultures was collected by centrifugation at 200 × g for 10 min and 20,000 × g for 20 min at 4 °C to remove any intact cells and cell debris. The supernatant was filtered through a 0.2 μm-filter and centrifuged at 100,000 × g for 75 min at 4 °C. The pellets were washed with PBS and subjected to an additional centrifugation at 100,000 × g for 75 min at 4 °C. The EV pellets were resuspended in PBS before storage at −80 °C. All the above steps were performed in an ultraclean platform.

Identification of MSCs-EVs {#S0002-S2014}
--------------------------

MSCs-EVs were prepared for transmission electron microscopy (TEM) examination (Hitachi H7700, Tokyo, Japan) as previously described.[@CIT0032] In brief, 5 μL of extracted MSCs-EVs in PBS was deposited onto carbon/formvar-coated Cu TEM grids and then dried for 10 min at 40 °C before staining with 1% uranyl acetate for 20 s. The grids were washed twice in deionized water and dried on Whatman filter paper. Then, MSCs-EVs were imaged by TEM at 80 kV and then air-dried for 20 min. The ultrastructure and size distribution of EVs were analyzed by NanoSight (Malvern, Malvern, UK), and EV markers (CD9 and TSG101) were measured by Western blotting.

Western Blotting Analysis {#S0002-S2015}
-------------------------

The procedures and protocols used for Western blotting analysis were described in previous reports.[@CIT0033],[@CIT0034] Briefly, ischemic tissue from the right cerebrum was collected for total protein extraction, and the protein concentration was measured with BCA kits. Denatured protein samples were diluted with 5× loading buffer. Then, equal amounts of protein extract were loaded in and separated on SDS-PAGE gels using acrylamide gradients. After electrophoresis, the separated proteins were transferred onto PVDF membranes via the wet transfer method. Then, the membranes were incubated at 4 °C overnight (while shaking) with the following diluted primary antibodies: β-actin (1:1000), p-AMPK (1:1000), AMPK (1:1000), p-JAK2 (1:500), JAK2 (1:500), p-STAT3 (1:1000), STAT3 (1:1000), p-NF-κB (1:1000), and NF-κB (1:1000), CD9 (1:500) and TSG101 (1:1000). Horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin IgG (1:10,000) was used as a secondary antibody for 1 h incubation at room temperature. The PVDF membranes were washed with TBST solution (3 times for 5 min each). The immunoreactive bands were visualized by enhanced chemiluminescence (ECL) reagents for 3--5 min and exposed to the Tanon Imaging System (Tanon-4600). The relative quantity of proteins was analyzed based on densitometry analysis performed with ImageJ software. The ratio of the gray value of each protein to the gray value of the internal reference (β-actin) was used as the relative protein expression level.

Quantification and Statistical Analysis {#S0002-S2016}
---------------------------------------

The results were analyzed using IBM SPSS software (version 20, IBM, New York, NY, United States) and are expressed as the mean ± standard deviation (SD). Multiple groups were compared using one-way analysis of variance followed by the Bonferroni test for post hoc comparisons. *p*\<0.05 was considered significant.

Results {#S0003}
=======

Characterization of MSCs-EVs {#S0003-S2001}
----------------------------

Western blotting analysis of MSCs-EVs showed expression of specific markers of EVs, CD9 and TSG101. Calnexin is an endoplasmic reticulum marker protein and was only rarely present in these EVs ([Figure 1A](#F0001){ref-type="fig"}). TEM showed that MSCs-EVs were saucer-shaped double-layer membrane structures with diameters in the range of 50--200 nm ([Figure 1B](#F0001){ref-type="fig"}). NanoSight analysis demonstrated that the average diameter of the particles was approximately 120 nm, which is consistent with the basic characteristics of EVs ([Figure 1C](#F0001){ref-type="fig"}).Figure 1Characterization of MSCs-EVs. (**A**) Observations of the morphology of MSCs-EVs by transmission electron microscopy (scale bar=100 nm). (**B**) The expression of EV surface markers (TSG101 and CD9) was analyzed using Western blotting. (**C**) The size of the MSCs-EVs was analyzed using NanoSight. The experiments were repeated three times.

MSC-EVs Alleviated Neurologic Deficits and Brain Water Content {#S0003-S2002}
--------------------------------------------------------------

Neurological deficit scores and brain water content are shown in [Figure 2](#F0002){ref-type="fig"}. The neurological deficit score of the MCAO group was lower than that of the Sham group at 24 h and 48 h (all *p*\<0.001), and MSCs-EVs improved the neurological deficit score compared with that of the MCAO group at 24 h and 48 h (24 h: *p*\<0.05, 48 h: *p*\<0.01; [Figure 2A](#F0002){ref-type="fig"}). The brain water content was significantly increased at 24 h after embolization (*p*\<0.001) compared to that in the Sham group, and MSCs-EVs reduced the brain water content at 24 h after embolization compared with that in the MCAO insult group (*p*\<0.01; [Figure 2B](#F0002){ref-type="fig"}). These results suggest that MSCs-EVs exert a neuroprotective effect after CIRI.Figure 2Neurological deficit scores and brain water content in different rat brain regions at 24 h and 48 h. (**A**) Neurological function of the MCAO and Sham groups was assessed 24 h and 48 h after MCAO (n = 8). (**B**) Brain water content in the brains of rats from the MCAO and sham groups at 24 h and 48 h. The data are expressed as the mean ± SD (n = 5). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 by ANOVA with Bonferroni test for post hoc comparisons.

MSCs-EVs Reduced the Volume of Cerebral Infarction {#S0003-S2003}
--------------------------------------------------

The results of TTC staining showed that normal brain tissue was red, while brain tissue in the ischemic reperfusion area was white. A typical TTC image of cerebral infarction is shown in [Figure 3A](#F0003){ref-type="fig"}. The volume of cerebral infarction was significantly increased at 24 h and 48 h after embolization (all *p*\<0.001) compared to that in the Sham group, and MSCs-EVs significantly reduced the volume of cerebral infarction at 24 h and 48 h (all *p*\<0.001) compared with that in the MCAO insult group ([Figure 3B](#F0003){ref-type="fig"}). These results indicate that MSCs-EVs reduced the volume of cerebral infarction induced by CIRI in MCAO rats and exerted a neuroprotective effect.Figure 3Effects of MSCs-EVs on MCAO-induced cerebral infarction. (**A**) TTC-stained coronal sections from representative rats from each group at 24 h and 48 h. (**B**) Quantitative analysis of the cerebral infarct volume. The data are expressed as the mean ± SD (n = 5). \*\*\**p* \< 0.001 by ANOVA with Bonferroni test for post hoc comparisons.

MSCs-EVs Inhibited Neuropathological Changes {#S0003-S2004}
--------------------------------------------

HE and Nissl staining were used to evaluate pathological changes in neurons after CIRI. As shown in [Figure 4A](#F0004){ref-type="fig"}, cerebral cortical neurons in the Sham group exhibited normal morphology, clear outlines and uniform cytoplasmic coloration. The nuclei were located in the center of the cells, and the brain tissue was clearly textured. In the ischemia-reperfusion group, the cortical neurons were damaged to varying degrees. The neurons were atrophied, the outlines were blurred, and the cytoplasm was deeply stained. The boundary between the nucleus and the cytoplasm was not clear, the texture of the brain tissue was disordered, and the number of Nissl bodies was obviously decreased. Few apoptotic cells (TUNEL-positive cells) were present in the Sham operation group, while the apoptosis index of the ischemia-reperfusion group was significantly increased. TUNEL-positive cells showed cell body atrophy, irregular shapes, and pyknosis of the nucleus, and were brown under a microscope. The results showed that the number of TUNEL-positive cells was significantly increased at 24 h and 48 h after embolization (all *p*\<0.001) compared to that in the sham group and that MSCs-EVs significantly reduced the number of TUNEL-positive cells at 24 h and 48 h (all *p*\<0.001) compared with that in the MCAO insult group ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). These results indicate that MSCs-EVs decreased neuronal pathological injury and cell apoptosis in rats after CIRI.Figure 4Effects of MSCs-EVs on MCAO-induced neuronal pathological changes. (**A**) Representative HE, Nissl and TUNEL staining in the cortex following MCAO insult. (**B**) MSCs-EVs effectively reduced apoptosis in cerebral cells after MCAO (scale bar=50 μm). The data are expressed as the mean ± SD (n = 3). \*\*\**p* \< 0.001 by ANOVA with Bonferroni test for post hoc comparisons.

Changes in AMPK, p-AMPK, JAK2, p-JAK2, STAT3, p-STAT3, NF-κB and p-NF-κB Expression in the Brain Tissues of Rats After Cerebral Ischemia {#S0003-S2005}
----------------------------------------------------------------------------------------------------------------------------------------

The current study analyzed the potential MSC-EV-mediated mechanism of apoptosis and neuronal pathological injury in neuronal cells. The expression of p-AMPK in the lesioned cortex was increased in the MCAO group compared with the Sham group, and MSCs-EVs upregulated p-AMPK expression compared with that in the MCAO group at 24 h (*p*\<0.001; [Figure 5A](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}). Compared with those in the Sham group, the expression levels of p-JAK2 in the cortex were increased at 24 h post-MCAO (*p*\<0.001), and MSCs-EVs significantly decreased the expression of p-JAK2 in the cortex at 24 h (*p*\<0.001; [Figure 5A](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}). Compared with those in the Sham group, the expression levels of p-STAT3 in the cortex were increased at 24 h and 48 h post-MCAO (all *p*\<0.001). MSCs-EVs significantly decreased the expression of p-STAT3 in the cortex at 48 h (*p*\<0.001; [Figure 5B](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}) compared with that observed in the MCAO group. Compared with those in the Sham group, the expression levels of p-NF-κB in the cortex were increased at 24 h and 48 h post-MCAO (all *p*\<0.05), and MSCs-EVs significantly decreased the expression of p-NF-κB in the cortex at 48 h (*p*\<0.01; [Figure 5B](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}) compared with that observed in the MCAO group. These results indicate that MSCs-EVs reduced neuropathological damage and decreased nerve cell apoptosis by upregulating the AMPK-mediated JAK2/STAT3/NF-κB signaling pathway.Figure 5MSCs-EVs activated the phosphorylation of AMPK and downregulated the JAK2/STAT3/NF-κB signaling pathway. (**A** and **C**) Western blot analysis of p-AMPK, AMPK, p-JAK2, JAK2, and β-actin and the relative expression of the target proteins in brain tissue homogenates. (**B** and **D**) Western blot analysis of p-STAT3, STAT3, p-NF-κB, NF-κB, and β-actin and the relative expression of the target proteins in brain tissue homogenates. The data are expressed as the mean ± SD (n = 3). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 by ANOVA with Bonferroni test for post hoc comparisons.

An AMPK Signaling Pathway Blocker (Compound C, CC) Reversed the Neuroprotective Effect of MSCs-EVs on MCAO-Induced Brain Damage {#S0003-S2006}
-------------------------------------------------------------------------------------------------------------------------------

Representative TTC staining images of the cortex following MCAO insult are shown in [Figure 6A](#F0006){ref-type="fig"}. MSCs-EVs significantly reduced the volume of cerebral infarction at 24 h and 48 h (all *p*\<0.001) compared with that in the MCAO insult group ([Figure 6B](#F0006){ref-type="fig"}). TTC staining showed that the inhibition of the AMPK signaling pathway by CC reversed the neuroprotective effect of MSCs-EVs on the MCAO-induced brain and increased the cerebral infarct area. The volume of cerebral infarction was increased 48 h (*p*\<0.01) after the administration of CC compared to that in the MSCs-EVs group ([Figure 6B](#F0006){ref-type="fig"}).Figure 6Effects of compound C (CC) on MCAO-induced cerebral infarction. (**A**) TTC-stained coronal sections from representative rats from each group at 24 h and 48 h. (**B**) Quantitative analysis of the cerebral infarct volume. The data are expressed as the mean ± SD (n = 5). \*\**p* \< 0.01, \*\*\**p* \< 0.001 by ANOVA with Bonferroni test for post hoc comparisons.

Effects of Compound C on the Expression of AMPK and p-AMPK {#S0003-S2007}
----------------------------------------------------------

As indicated in [Figure 7A](#F0007){ref-type="fig"}, the expression of p-AMPK in the lesioned cortex was significantly increased in the MSCs-EVs group compared with the MCAO group at 24 h (*p*\<0.05) and 48 h (*p*\<0.001), and the expression of p-AMPK was increased 48 h (*p*\<0.001) after the administration of CC compared to that in the MSCs-EVs group ([Figure 7B](#F0007){ref-type="fig"}). The results confirmed that MSCs-EVs reduced the release of inflammatory factors after cerebral ischemia by activating the AMPK signaling pathway.Figure 7Effects of compound C (CC) on the expression of AMPK and p-AMPK. The non-pretreated MCAO group before operation; the MCAO + MSCs-EVs group (100 µg of MSCs-EVs suspended in 0.5 mL PBS was injected via the caudal vein within 10 min after MCAO); and the MCAO + MSCs-EVs + CC group (10 μL CC was injected intracerebroventricularly 30 min before the MCAO operation, and 100 µg of MSCs-EVs suspended in 0.5 mL PBS was injected via the caudal vein within 10 min after MCAO). There were 3 rats in each group. (**A**) Western blot analysis indicated significantly higher p-AMPK expression in the MSCs-EVs group than in the vehicle group. These effects were partially reversed by CC. (**B**) Quantitative analysis of the cerebral infarct volume. The data are expressed as the mean ± SD (n = 3). \**p* \< 0.05, \*\*\**p* \< 0.001 by ANOVA with Bonferroni test for post hoc comparisons.

Discussion {#S0004}
==========

Apoptosis is the main causative factor in the pathogenesis of ischemic stroke. Reducing neuronal apoptosis is essential for suppressing stroke-related injuries. In this study, we investigated MSCs-EV-induced neuroprotection, which attenuates neuronal apoptosis and CIRI as well as its mechanisms and signaling pathways. We also investigated the relationship between AMPK and JAK2/STAT3/NF-κB signaling mediated by MSCs-EVs. The results showed that during CIRI, MSCs-EVs activated p-AMPK, inhibited JAK2/STAT3/NF-κB, increased MCAO-induced neurological impairment scores, decreased brain water content and cerebral infarction volume, attenuated pathological damage, and reduced apoptosis. We believe that MSCs-EV-induced neuroprotection may be achieved by activating AMPK and reducing the JAK2/STAT3/NF-κB pathway, thereby improving the damage caused by cerebral ischemia.

AMPK is mainly responsible for peripheral energy balance, fat metabolism and ATP conservation and synthesis.[@CIT0035] AMPK has frequently been referred to as the "metabolic master switch", and it has the ability to be rapidly activated by anti-inflammatory stimuli.[@CIT0013] When the cell energy supply is reduced, AMPK can be activated to enhance energy production[@CIT0014] and represents a potential protective mechanism in the early stages of cerebral ischemia.[@CIT0036]

The JAK/STAT family is an important intracellular signal transduction pathway mediated by cytokines and oxidative stress.[@CIT0037] As the most conserved members of the family, JAK2/STAT3 are closely related to CIRI and can be activated in the early stage of cerebral infarction to induce the expression of proinflammatory factors to aggravate tissue damage.[@CIT0038]--[@CIT0040] Studies have shown that the aberrant activation of the JAK2/STAT3 pathway is involved in neuroinflammatory injury after ischemic stroke[@CIT0041] and that MCAO injury increases STAT3 protein levels in cortex microglia.[@CIT0042]

Among the many measures for stroke treatment, MSCs-EVs have great potential in the field of biotherapy due to their advantages, such as good circulatory stability, good biocompatibility, low toxicity and low immunogenicity. Meanwhile, there are no ethical restrictions on the use of EVs for noncell therapies, and the dosage and starting and ending times of EVs are more controllable. Additionally, they have lower risks of vessel blockage and microvascular thrombosis, and are easy to preserve, produce on a large scale and genetically modify.[@CIT0043] MSCs-EVs maintain biological activity similar to that of their parental cells, allowing them to home to the site of inflammation to regulate immune responses and participate in tissue repair.[@CIT0044],[@CIT0045] A key characteristic of EVs is their ability to penetrate the blood-brain barrier and release related RNAs and proteins into the central nervous system.[@CIT0046] Studies have shown that MSCs-EVs can exert neuroprotective effects by promoting the growth and repair of blood vessels, repairing and regenerating nerve cells, and inhibiting apoptosis of nerve cells after stroke.[@CIT0047] Studies have shown that EVs can stimulate the growth of nerve cells,[@CIT0048] induce neuronal proliferation,[@CIT0049] increase the number of axons,[@CIT0050] regulate the peripheral immune response,[@CIT0051] reduce the area of infarction after cerebral ischemia, improve brain function,[@CIT0012] and promote axonal growth and white matter recovery.[@CIT0052] At present, encouraging results have been obtained in preclinical studies on EVs. Therefore, from a clinical perspective, the application of EVs for the treatment of cerebral ischemia has attracted much attention. To date, although there are no clinical trials on EV transplantation for ischemic stroke patients, there is growing interest in EV-based therapies. This study serves as a platform for the development of protocols for the use of EVs in clinical trials and provides new ideas for the treatment of cerebral ischemia reperfusion.

In conclusion, MSCs-EVs can reduce neuronal apoptosis induced by CIRI. The administration of CC abolishes the protective effects of MSCs-EVs, suggesting that the phosphorylation of AMPK and JAK2/STAT3/NF-κB is closely associated with the neuroprotective signaling pathway activated by MSCs-EVs. Thus, the regulation of the AMPK and JAK2/STAT3/NF-κB pathways may also be a potential approach for subsequently reducing apoptosis and providing neuroprotection.

Conclusions {#S0005}
===========

In summary, we found that MSCs-EVs reduced apoptosis and alleviated tissue damage caused by MCAO in rats. This protective mechanism of MSCs-EVs may occur *via* the regulation of the AMPK and JAK2/STAT3/NF-κB signaling pathways. Our study indicated that MSCs-EVs have a neuroprotective effect in MCAO.
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